Memory for context and episodic memory have been identified as primary contributors to cognitive impairments in schizophrenia. This study examined neural networks involved in episodic memory-for-context in schizophrenia using a multimodal strategy including a graph theoretical approach, combined with an assessment of the contribution of structural impairments to disruption in the efficiency of functional brain networks. Twenty-three patients with schizophrenia and 33 healthy controls performed an episodic memory-for-context task while undergoing functional magnetic resonance imaging scanning. Graph theory was used to characterize the small-world properties of functional connections between activated regions, and a morphometric analysis was used to investigate schizophrenia-related structural deficits. Similar functional activations were identified in the two groups; however, although small-world properties were present in the topological organization of the functional networks in both groups, significant reductions in local, but not global, efficiency were observed in the schizophrenia group. Several key network "hub" regions related to recollection, such as the bilateral dorsal anterior cingulate gyrus, showed reduced gray matter volume in schizophrenia patients. These findings suggest that loss of gray matter volume may contribute to local inefficiencies in the architecture of the network underlying memory-for-context in schizophrenia.
Introduction
It is now widely accepted that schizophrenia is characterized by deficits in several domains of cognitive function including attention, memory, and problem solving, with verbal episodic memory being associated with the largest effect size (Heinrichs and Zakzanis, 1998) . Neuroimaging investigations of the biological underpinnings of these impaired aspects of cognition have traditionally focused on regions of activation, but new methods of network analysis (for review, see Bullmore and Sporns, 2009) suggest that the optimization of neural networks can be quantitatively measured using graph theoretical approaches. It has been shown that the most efficient systems optimize a balance between local and global connections, referred to as a small-world architecture (Watts and Strogatz, 1998) . Small-world properties have been observed in a wide range of environmental, biological, engineering, and socioeconomic systems (Strogatz, 2001) , and numerous studies have revealed disease-related abnormalities in small-world properties in functional brain networks (for review, see He et al., 2009a) , including in schizophrenia (Micheloyannis et al., 2006; Liu et al., 2008; Rubinov et al., 2009 ). In the current investigation, we apply the small-world approach to the analysis of functional magnetic resonance imaging (fMRI) data collected while performing a verbal episodic memory-for-context task.
Interpreting reality often involves remembering contextual information about an episode; therefore, understanding this aspect of memory (dys)function in schizophrenia is particularly important. For example, when remembering that one's presence has been requested at the police station, a firm grounding in reality requires that one know the context in which that memory was formed (e.g., whether that information was heard, imagined, or read). With respect to neuroimaging, studies of context memory in schizophrenia have typically focused on working memory and on individual regions such as the dorsolateral prefrontal cortex (MacDonald et al., 2005; Simons et al., 2006) . Similarly, neuroimaging studies of long-term (episodic) memory typically focus on individual regions such as the lateral prefrontal cortex and the medial temporal lobe (MacDonald et al., 2005; Ravizza et al., 2010) . These regions are likely to be major contributors to a functionally linked, large-scale brain network involved in episodic memory-for-context (Bressler and Kelso, 2001) . Structural brain anomalies have been identified in schizophrenia (for review, see Honea et al., 2005) , and it has been suggested that a close interaction between brain function and structure may be present (Honey et al., 2009 ). Thus, using only a single imaging modality to investigate the neural networks involved in complex cognitive tasks may be insufficient, particularly when characterizing disease-related brain abnormalities. In the current study, we combined structural and functional measures to offer a more comprehensive evaluation of the episodic memory-for-context deficits in schizophrenia.
The context memory task we investigated involved an initial nonscanned task session, where subjects encountered words in four different task contexts: solving, hearing, associating, and reading. Functional and structural MRI scanning was performed during the subsequent recall run, where participants were asked to indicate the task context in which they had encountered the presented word. We hypothesized that schizophrenia patients would show performance deficits, as well as abnormalities, in functional activation in several regions underlying abnormal context memory in schizophrenia. We also hypothesized that schizophrenia patients would display a reduced coordination of functional brain activity patterns compared with healthy controls and that the altered topological organization of functional networks would be related to structural deficits in several key regions, such as dorsal prefrontal regions.
Materials and Methods

Participants
Twenty-three patients were recruited from psychiatric hospitals and community health agencies in and around Vancouver, British Columbia, Canada, with diagnoses of schizophrenia (n ϭ 15) or schizoaffective disorder (n ϭ 8). Diagnosis was based on a multidisciplinary team conference during the first month of admission when all sources of information are reviewed. The Mini-International Neuropsychiatric Interview (Sheehan et al., 1998) was administered on the date of MRI testing to confirm diagnosis. Psychopathology was assessed using the Signs and Symptoms of Psychotic Illness scale (SSPI) (Liddle et al., 2002) , a scale gauging symptom severity using 20 symptom items scored between 0 and 4 (Table 1) . Patients with schizophrenia did not differ significantly from patients with schizoaffective disorder on age, education, medication level, intelligence quotient (IQ) estimate, symptom severity (as measured by the SSPI total score), accuracy performance, and reaction time. Thus, these patients were pooled and are referred to hereafter as the schizophrenia group. Participants were excluded if they had ever suffered a head injury or a concussion resulting in a loss of consciousness for Ն10 min, if they had ever been diagnosed with a neurological disease or illness, or if they had current and/or past problems with substance abuse (including alcoholism). Substance abuse was assessed by chart review and by interview, and participants were also excluded if they met the DSM IV (Diagnostic and Statistical Manual of Mental Disorders, fourth revision) criteria for an Axis I diagnosis of a substance-related disorder (e.g., polysubstance dependence). All patients but one were taking stable doses of antipsychotic medications at the time of testing, with the large majority taking atypical antipsychotics (for dosage information, see Table 1 ).
Thirty-three healthy controls were recruited through advertisement and word-of-mouth. Screening with a medical questionnaire ensured that none of the healthy participants had any current or prior history of psychiatric illness. Additional exclusion criteria were the same as those used for the patient groups. All participants gave written informed consent after a full explanation of the study and the procedures involved. All experimental procedures were approved by the University of British Columbia Clinical Research Ethics Board.
Procedure
The stimuli consisted of 120 well known words; four sets of 30 words were presented in each of four task contexts: solving, hearing, associating, and reading. The words used in this study were common nouns chosen from the English Lexicon Project (http://elexicon.wustl.edu/) (Balota et al., 2007) to have a standard word length (ranging from 4 to 10 letters; mode, 6 letters) and log-transformed Hyperspace Analog to Language frequency (Lund and Burgess, 1996) ranging from 4 to 11. The word-set/ task condition assignments were randomly assigned for each individual subject. On all solving and hearing trials, a jumbled word puzzle was presented on the computer screen in conjunction with a clue about the meaning of the word. For example, jumbled letters such as "BERAZ" may be presented, with a clue such as "a striped grazing animal," the answer being "ZEBRA." Thirty of the word puzzle trials were designated "solving" trials in which subjects were required to solve the puzzle themselves and say the answer aloud before pressing a button to advance to the next trial. The other 30 puzzle trials were "hearing" trials in which a digitized recording of the solution was played when the jumbled word was presented. For the "associating" trials, a correctly spelled reference word was presented with the instruction to indicate which of the two words presented below it was most closely associated with the reference word by pressing one of the two keys. Subjects were required to press the left key if the word on the left was more associated with the reference word and vice versa. For each reference word, a strongly associated word and a weakly associated word were presented, with the relationships selected based on the Edinburgh Associative Thesaurus (Kiss et al., 1973) . For the silent "reading" trials, a correctly spelled word was presented with the following instruction: "Please read silently." Subjects were required to press a button after they had finished reading the word silently to advance to the next trial.
The task execution run was self-paced, with the initiation of a new trial commencing 1, 2, or 3 s (randomly determined) after the subject's response. The exception to this rule was the associating condition, in which the to-be-associated words were left on the screen for 3 s and were accompanied by the instructions to "think about the association for the entire time the words are displayed on the screen." All words used were concrete nouns.
Following this nonscanned task session, these words were used as targets during the scanned recall phase. Approximately 10 min after the end of the task run, a 15.5 min recall run was performed while subjects were being scanned. The subjects were informed about the memory component of the task only once being prepared to enter the scanner. The recall run consisted of 120 trials using all the same words presented in the task execution run, divided into six alternating blocks of 20 trials and 140 s each, in which the participant was asked to indicate in which task condition that word had been encountered previously. During each trial, a single word was presented in the center of the screen with a reminder instruction cue at the bottom of the screen. While a word was being displayed, participants were asked to judge whether the word was read or associated, or whether the participant or the computer had solved the puzzle. In all conditions, participants indicated their response by pressing the left or right key on a MRI-compatible response box with their right hand. For each trial, words were presented for a maximum of 5 s; however, the word disappeared from the screen if a response was made, and the screen remained blank for the remainder of the 5 s period. Each trial was separated by a varying intertrial interval of 1, 2, or 3 s, which included a 1 s fixation crosshair. In addition, to avoid multicolinearity (Cairo et al., 2004 ), a 10 s blank trial was inserted after each block. The word "relax" was presented for the first 9 s of each blank trial, followed by a 1 s crosshair to cue subjects that a new trial was about to begin. Trials were blocked as opposed to randomly presented to avoid costs and activations associated with switching tasks (Ruff et al., 2001; Rushworth et al., 2002; Woodward et al., 2006a) .
Image acquisition
Imaging was performed at the University of British Columbia MRI Research Centre on a Phillips Achieva 3.0 tesla MRI scanner with quasar dual gradients (maximum gradient amplitude, 80 mT/m; maximum slew rate, 200 mT/m/s). The participant's head was firmly secured using a customized head holder. Functional image volumes were collected using a T2 
Image preprocessing and analysis
Functional imaging. fMRI data were preprocessed using SPM5 (http:// www.fil.ion.ucl.ac.uk/spm/). Translation and rotation corrections for head movements did not exceed 3 mm or 3°for each participant. The data were then spatially normalized to an echo-planar imaging (EPI) template in Montreal Neurological Institute (MNI) stereotaxic space using an optimum 12-parameter affine and nonlinear cosine basis function transformation. The normalized volumes were resampled to 3 mm cubic voxels and spatially smoothed with an 8 mm full-width at half-maximum (FWHM) isotropic Gaussian kernel. A high-pass filter of 1/128 Hz was used to remove low-frequency noise, and an AR(1) model corrected for temporal autocorrelation. The four event types (solving, hearing, associating, and reading) were separately defined for each subject, consisting of four regressors. Events for each of the regressors were modeled as predictor variables by convolving onset times of trials responded correctly (Gur and Gur, 1995) with a canonical hemodynamic response function. The regression coefficient for each regressor was estimated, and contextual recollection involved the contrast between all correct trials and baseline. The contrast images from each subject were entered into the second level of analysis, treating subjects as a random effect, and statistical inference was conducted by using two-sample t tests. Age, gender, and the interaction of age and gender were added as covariates in this analysis to eliminate the influence of these confounds on brain activations observed. Statistical parametric maps of the contrast were then constructed where significantly activated regions consisted of eight or more contiguous voxels at an ␣ threshold of 0.05 corrected for family-wise error (FWE) within the whole brain. Since there were no significant statistical differences between healthy controls and patients with schizophrenia (see Results), we focused on the regions of activation common to both groups for subsequent analyses. To investigate whether patients with schizophrenia display abnormal topological organization in task-related functional networks, we defined regions of interest (ROIs) as nodes in the networks by parcellating the common activation map into separate ROIs using the Automated Anatomical Labeling template (TzourioMazoyer et al., 2002) .
Structural imaging. Structural data (see supplemental material, available at www.jneurosci.org, for scanning parameters) were analyzed using the VBM5 (Voxel-Based Morphometry 5) toolbox (http:// dbm.neuro.uni-jena.de). To analyze volume differences between the two groups, the gray matter tissue maps were modulated by the Jacobian determinants of the deformation parameters obtained via normalization to the MNI standard space. Gray matter volume was then smoothed using an 8 mm FWHM Gaussian kernel and used for a second-level statistical analysis using a two-sample t test in SPM5. Age, gender, the interaction of age and gender, and total intracranial volume were used as covariates in this analysis. Statistical inference started with the definition of a primary threshold ( p Ͻ 0.001, uncorrected) to identify contiguous voxels. Then, an FWE-corrected cluster-size ␣ threshold of 0.05 was used that produced a minimum spatially adjusted extent threshold of 1200 1 mm isotropic voxels (Hayasaka et al., 2004 ).
Functional connectivity
Second-level parameters were used to assess connectivity (Rissman et al., 2004; Woodward et al., 2006b) . For each of the ROIs, contrast image values (control group, 33 images; patient group, 23 images) within each group were obtained by averaging the contrast values over all the voxels within each region. Functional connectivity examines interregional correlations in neuronal activity (Friston et al., 1993) . Partial correlation can be used as a measure of the functional connectivity between a given pair of regions by attenuating the contribution of other sources. In this study, we used partial correlations to reduce indirect dependencies on other brain areas and build undirected binary graphs. The partial correlation coefficient between amplitude series within each group in regions i and j was measured as follows:
where s i,j represents a sample covariance value between the contrast values from the two regions across the subjects, and S i, j Ϫ1 denotes the (i, j)th array of the inverted covariance matrix calculated from all possible pair of regions.
Graph theoretical analysis
Construction of functional brain networks. The functional connectivity matrix was first converted to a binary graph (i.e., network). To avoid the influence of strength of interregional correlations between groups, network sparsity (i.e., the ratio between the number of existing edges and all the possible edges) was used as a threshold applied to build the graph (Achard and Bullmore, 2007; Wang et al., 2009 ). As there is currently no formal consensus regarding threshold selection, we investigated the properties of the networks over a wide range of values from 0.12 to 0.33 using increments of 0.01. The lower bound of the threshold interval allowed the small-world properties to be properly estimated and networks to be connected, whereas the upper bound was used to ensure that the global efficiency of the real networks was less than that of random networks (Achard and Bullmore, 2007) . Thus, the threshold range corresponds to a small-world regime.
Measures of functional brain networks. The application of graph theoretical approaches to a binary graph allowed the characterization of the small-world properties. Small-world properties of a network are traditionally characterized by the clustering coefficient (C p ) and the shortest path length (L p ) of the network (Watts and Strogatz, 1998) . As graph theoretical approaches have developed, alternative metrics based on network efficiency (Latora and Marchiori, 2001) have received growing attention. Several applications of this novel approach have suggested that functional brain networks do possess efficient small-world properties at a low cost (Achard and Bullmore, 2007; Wang et al., 2009) .
Briefly, the efficiency of a graph (or network) G is defined as the inverse of the harmonic mean of the shortest path length l i,j from node i to node j:
When G represents a whole network, this metric measures the efficiency over the whole graph, known as global efficiency E glob ; N G denotes the number of nodes in the whole network. In contrast, when G is a subgraph as the set of nodes that are immediate neighbors of a node i (i.e., directly connected to a node with an edge), this index measures the efficiency over the subgraph, known as local efficiency of the node i, where N G denotes the number of nodes in the subgraph. Thus, local efficiency E loc of the whole graph is defined as the average of local efficiency over the subgraphs. Finally, nonparametic permutation tests were applied to determine the statistical significance of the differences in network parameters (E glob and E loc ) between the two groups. First, the two metrics were computed separately for each group over the range of sparsity thresholds. To test the null hypothesis that the observed group difference in each metric could occur by chance, we randomly reallocated each subject to one of the two groups and recomputed functional connectivity matrix based on the new amplitude series from each randomized group. The same network metrics (E glob and E loc ) were repeatedly calculated 1000 times, and a randomized null distribution based on between-group differences in each metric was created at each threshold. Then the 95% percentile point of the distribution was used as the critical value for a one-tailed test of the null hypothesis.
Results
Demographic data and behavioral results
Demographic and clinical data for the schizophrenia patients and healthy controls are shown in Table 1 . No significant differences between both groups were observed in age, gender, IQ, and socioeconomic status. Behavioral performance between groups was analyzed by way of a repeated-measures ANOVA with context (solving, hearing, associating, and reading) as a within-subject factor and group (patients vs controls) as a between-subject factor. With respect to accuracy, a significant group effect was observed (F (1,54) ϭ 8.63; p ϭ 0.005) with no significant context effect (F (3,162) ϭ 0.44; p ϭ 0.72) or interaction (F (3,162) ϭ 2.134; p ϭ 0.1). With respect to reaction time (correct trials only), the group effect (F (1,54) ϭ 1.80; p ϭ 0.19) and interaction (F (1,54) ϭ 0.26; p ϭ 0.85) were not significant. However, a significant context effect was observed (F (3,162) ϭ 32.91; p Ͻ 0.001), whereby reaction times were longer in the hearing and reading conditions (mean of 1.02 and 1.14 s, respectively) relative to the solving and associating conditions (mean of 0.87 and 0.94 s, respectively). Two-sample t tests of the overall accuracy and reaction time were conducted between the two groups, and the results are displayed in Table 1 . Figure 1 suggests that healthy subjects and schizophrenia patients showed a similar pattern of activation while performing the contextual memory task. Regions were deemed as being significantly active if their activity exceeded an ␣ threshold of 0.05 corrected for voxel-wise FWE within the whole brain. For healthy controls, the activated clusters involved the left inferior occipital gyrus extending to the right lingual gyrus, right supplementary motor area extending to the left median cingulate gyrus, left inferior orbitofrontal gyrus, right middle frontal gyrus, right precentral gyrus, bilateral thalamus, left hippocampus, and basal ganglia (Table 2, top). Similarly, patients showed significant activations in the right middle occipital gyrus extending to the right lingual gyrus, left precentral gyrus extending to the left inferior parietal lobule, left inferior occipital gyrus extending to the left cerebellum, left supplementary motor area extending to the left medial superior frontal gyrus, left calcarine fissure, left insula, left thalamus, right angular, and right middle frontal gyrus ( Table 2 for the peak coordinates for each group and both groups together; see supplemental Figure  S1 for a map of the regions common to both groups and supplemental Table S2 for a list for these regions (available at www.jneurosci.org as supplemental material).
Functional activations
tal Fig. S1 , red clusters, available at www.jneurosci.org as supplemental material). Within the common domain, there was also no significant activation difference between the two schizophrenia subsets. In total, the common activations were categorized into 43 ROIs (supplemental Table S2 , available at www.jneurosci.org as supplemental material).
At a more liberal threshold ( p Ͻ 0.001, noncorrected), comparison between the two groups showed significantly decreased activations in bilateral prefrontal cortex (supplemental Table S1 supplemental Fig. S1 , green clusters, available at www.jneurosci.org as supplemental material), indicating that schizophrenia patients show prefrontal dysfunction when performing a context recollection task. Besides this abnormal prefrontal activity, inferior and middle occipital gyrus, thalamus, and caudate also showed decreased activity in schizophrenia (supplemental Table S1 , available at www. jneurosci.org as supplemental material), whereas no significantly increased activity was found in the schizophrenia group. However, the regions found to have decreased activation for schizophrenia when using a lower threshold were essentially nonoverlapping with the ROIs (i.e., those showing common activations between the patients and controls).
Structural impairments in gray matter volume
Global gray and white matter did not differ between the two groups (Table 1) , whereas total intracranial volume was higher in patients than controls. At p Ͻ 0.05 (FWE cluster-level correction), seven distinct clusters of reductions in gray matter volume were identified in schizophrenia patients compared with the healthy controls (Fig. 2) . Structural differences were most pronounced in the insula extending into pars opercularis of the left inferior frontal gyrus, left middle occipital gyrus, right pars trian- Number of contiguous active voxels ϫ 27 mm 3 (3 ϫ 3 ϫ 3). Coordinates of activation peaks are assigned to anatomical regions by means of automated anatomical labeling (Tzourio-Mazoyer et al., 2002) . If there are multiple peak points in each significant cluster, the first three points are marked by -below the cluster size of each cluster. The same notation is applicable to Table 3 for the peak coordinates of areas with significant structural differences.
gularis and opercularis of inferior frontal gyrus, right insula, and left middle frontal gyrus extending to the precentral gyrus (Table  3) . No increases were found in the schizophrenia group. In addition, we did not find significant correlations between gray matter volume and accuracy performance at the same threshold above, implying that the structural deficits in schizophrenia were unlikely to be related to relatively poor behavioral performance. Several of the regions with structural differences overlapped with the functional activations elicited by the contextual memory task (Table 4) .
Small-world properties
The application of graph theoretical approaches demonstrated that the functional brain networks of both healthy controls and schizophrenia patients showed small-world properties with high global (Fig. 3A) and local (Fig. 3B) efficiency. However, significant reductions in local, but not in global, efficiency were observed in schizophrenia patients over a wide range of thresholds (0.15 Ͻ sparsity Ͻ 0.26 highlighted by the gray area) using nonparametric statistical tests ( p Ͻ 0.05). In addition, we investigated the degree distribution in the functional brain networks and found that the distribution patterns of both groups were similar and met a power law of the form p(k) ϳ K Ϫ ␣ (supplemental Fig. S2, available at 
Network hubs
To investigate the cause of the disorder-related network inefficiency, we compared connection degree of each ROI between the two groups over the threshold range (0.15 Ͻ sparsity Ͻ 0.26). A region is denoted as a hub if the degree of this node is at least 1 SD greater than the average degree over all nodes in the network. To avoid the effect of specific threshold selection on hub categorization, hubs were determined by calculating the cumulative sum of the value of each region at each threshold (equal to 1 if the region is a hub, otherwise to zero) over the entire threshold range (0.15-0.26 with an increment of 0.01, involving 12 different thresholds). The regions with values Ͼ7 were defined as hubs. Interestingly, the hub regions in the healthy controls were predominantly found in areas of reduced gray matter volume in schizophrenia (Fig. 4) . However, regions were differentially sensitive to structural impairments. Specifically, structural impairments in the left precentral gyrus, pars triangularis of left inferior frontal gyrus, and left middle occipital gyrus did not attenuate hub properties, whereas other regions such as medial superior frontal gyrus and bilateral dorsal cingulate gyrus exhibited structural impairments and loss of hub properties (Table 4; supplemental Table S2 , available at www.jneurosci.org as supplemental material). Using a 2 test, we demonstrated that hub regions were much more likely to have decreased gray matter volume in schizophrenia compared with healthy controls ( p Ͻ 0.0001).
Discussion
In this study, a number of similarities in functional activations were observed between people with schizophrenia and healthy controls, including regions such as the left lateral frontal, parietal, occipital, insula, and thalamic cortex. These regions have previously been observed to be active in other studies of recollection (Simons and Spiers, 2003; Wagner et al., 2005) , as well as those found in source memory studies in healthy subjects (Mitchell and Johnson, 2009 ). The results from the structural imaging analysis indicated that patients with schizophrenia showed reductions in gray matter volume in the left medial prefrontal cortex, occipital cortex, temporal pole, and bilateral insula, replicating findings in previous studies of brain volume in schizophrenia (Honea et al., 2005) . Importantly, there was overlap between functional activations and structural deficits (Table 2) in some of the brain regions. This finding suggests that impaired brain structure did not significantly lead to an altered pattern of functional activation, although it did lead to altered functional connectivity as quantified by small-world properties, emphasizing the importance of combining multimodal approaches.
In this study, similar brain activation patterns across the two groups suggest the same neural networks may be recruited to correctly recall context. However, between-group differences obtained by using liberal statistical threshold ( p Ͻ 0.001, uncorrected) indicated decreased prefrontal activity in schizophrenia, but not a reduction in the medial temporal lobe activity associated with memory processes (Heckers et al., 1998) . This negative result with respect to the medial temporal lobe may have been caused by the restriction of the fMRI analysis model to correct recollection trials only, thereby possibly reducing activation differences between groups.
A small-world configuration is a ubiquitous characteristic of complex brain networks and assures functional segregation and integration (Sporns and Zwi, 2004) . In general, high global and local efficiency ensure rapid information propagation across distant and neighboring regions, respectively (Latora and Marchiori, 2001 ). In this study, these network properties were found in Hub-associated regions in the schizophrenia (SCZ) and/or healthy control (CON) groups.
both healthy controls and patients with schizophrenia ( Fig. 3) , consistent with a recent study of working memory in schizophrenia ) and supporting the notion that diseasespecific brain networks still possess small-world properties . Despite this finding, the efficiency profiles of the functional networks were rather different and demonstrated significant group differences in local efficiency. The lack of significant group differences in functional activations excludes the possibility that different activations led to the changes in topographical organization. In contrast, previous studies showing group differences in graph theoretical properties may have been influenced by potential differences in brain activity (Micheloyannis et al., 2006; Liu et al., 2008; Rubinov et al., 2009) . Altered local efficiency reflects a disturbed balance between local specialization and global integration in schizophrenia. In addition, the power law distribution of degree found in both groups (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material) implies that the recollection of contextual memory requires integrated processing over the entire functional network (Gomez Portillo and Gleiser, 2009) . Although the observation that schizophrenia patients showed compatible degree distribution with healthy controls assures the ability to efficiently transfer information over task-related regions in schizophrenia patients, it does not prevent decreased local efficiency in the functional network.
In addition, this study identified several important hub regions for contextual memory recollection. They were found predominantly in association regions, which is consistent with prior findings (Achard et al., 2006; Achard and Bullmore, 2007) . Our previous studies have demonstrated that hub regions are susceptible to both normal aging and brain disorders (He et al., 2009b; Stam et al., 2009; Wang et al., 2009 Wang et al., , 2010a . In the current study, some of the hub regions found in healthy controls were located in regions associated with structural deficits in schizophrenia. Moreover, the left middle frontal and inferior parietal cortex were unaffected by structural deficits and were hubs in both groups. Notably, these regions have been hypothesized to play vital roles during recollection (Simons and Spiers, 2003; Wagner et al., 2005) . The middle and inferior occipital regions were preserved as hubs in schizophrenia, whereas the medial part of left superior frontal and bilateral anterior cingulate cortex were vulnerable to structural reductions. These results suggest that schizophrenia affects areas important for regional communication and integration. For instance, the dorsal prefrontal regions have been putatively associated with postretrieval monitoring (Achim and Lepage, 2005) , which is more critical to the recollection process than the visual processing of the stimulus cues that occurs in the occipital regions. The absence of hubs in key regions in the schizophrenia group, such as dorsal cingulate cortex, suggests that the role of these regions in the networks may be reduced in people with schizophrenia. Previous studies have also demonstrated that schizophrenia patients may experience difficulty monitoring their responses when performing memory retrieval tasks, which has been associated with dorsal cingulate cortex (Vinogradov et al., 2008; Ravizza et al., 2010) .
Two limitations of this study should be noted. First, automated voxel-based mophometry methods were used for the anal- The global efficiency curves of the real networks are less than those of random networks, but the local efficiency profiles of the real networks are greater than these of the regular networks over the selected threshold range (i.e., between the vertical dash lines), known as a small-world regime. Significant reductions in local efficiency ( p Ͻ 0.05), but not in the global efficiency, are found in schizophrenia over the threshold range marked by the gray area in B. The random networks were generated by 50 random rewirings of the edges across nodes while keeping the same number of nodes and degree distribution as in the real networks (Sporns and Zwi, 2004) . The regular networks were generated by 50 random rewirings of the edges across nodes along the two sides of the main diagonal (Wang et al., 2009 ). . The small black dots represent the center of each region of 43 activated ROIs. The color-coded regions were identified as network hubs: hubs common to both groups are green, hubs specific to healthy controls are blue, and hubs specific to schizophrenia patients are red. The regions with circles denote structural impairments in schizophrenia. This should be cross-referenced with Table 4 . PreCG, precentral gyrus; MFG, middle frontal gyrus; IFGtriang, inferior frontal gyrus (triangular); SFGmed, superior frontal gyrus (medial); DCG, dorsal cingulate gyrus; SOG, superior occipital gyrus; LING, lingual gyrus; MOG, middle occipital gyrus; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; L, left hemisphere; R, right hemisphere.
ysis of structural imaging data. This method examines all brain structures simultaneously, which may produce different results than manual tracing techniques. This method of estimating tissue volumes is susceptible to providing misleading results if the sulcal/gyral pattern is abnormal. Studies performed thus far using this technique have not found this, but there is evidence of anomalous cortical gyrification in schizophrenia (Vogeley et al., 2001) . Second, many regions that did not show overlap with the functional activations showed reduced gray matter volume as well. It remains unknown whether and how these regions affect functional connectivity patterns of the brain networks. Combining diffusion tensor imaging techniques to track fiber pathways connecting the regions may be required to address this issue.
These results demonstrated that although the same regions form the contextual recollection activation maps in schizophrenia patients and healthy controls, patients showed decreased local network efficiency. Many network hubs found in the schizophrenia group were located in different brain regions than those found in healthy subjects, and this appears to be partly accounted for by lower gray matter volume in schizophrenia. Thus, loss of gray matter volume appears to contribute to differences in the architecture of the network in schizophrenia. The findings suggest that the core pathophysiological problem underlying contextual memory impairments in schizophrenia might be disruptive alterations in the coordination of large-scale brain networks, and this may be affected by structural deficits.
